Crosslinked hydrogels of poly(acrylic acid) neutralized with calcium hydroxide were synthesized using free radical co-polymerization. The effects of the amount added calcium on the elastic modulus and swelling properties of the gels and the correlation to phase behaviour and structural changes within the gels were studied using texture analysis, gravimetric analysis, scanning electron microscopy (SEM), energy dispersive X-ray (EDX) analysis and atomic force microscopy (AFM). It was found that the elastic modulus decreased nonlinearly with increasing amount of added calcium and that the swelling's dependence on the amount of added calcium was complicated. The maximum swelling increased with increasing amount of added calcium until a critical calcium content was reached, upon which the gels phase separated, with a strong decrease in swelling as a result. The changes in properties are explained by the fact that calcium affects the structure of the polymer network during synthesis and by the phase behaviour of the gels. Changes in the gel structure with the addition of calcium were detected with AFM. Furthermore, AFM revealed different phases on the nanometre scale for the sample with a calcium content around which phase separation is macroscopically observed. Finally, it was shown that the sulphur from the initiator potassium persulfate formed crystal like regions with high sulphur and calcium content upon drying of the hydrogels.
Introduction
Hydrogels are materials that lately have been subjected to extensive studies due to their wide range of applications. They can be used in pharmacy as drug delivery systems, in hygiene products as absorbents, in biotech as ion-exchange resins, in engineering as self repairing seals, among other applications [1] [2] [3] . Poly(acrylic acid) (PAA) is commonly used to form hydrogels because acrylic acid is cheap and easy to polymerize into high molecular weight compounds and because of its ability to absorb many times its own weight of water [1, 4] . The performance of hydrogels in different applications is dependent on the visco-elastic properties, the absorbance capacity and the swelling kinetics of the gels. These properties are strongly affected by the degree of crosslinking. It has been shown that for PAA the equilibrium degree of swelling decreases [5, 6] and the elastic modulus increases with an increasing degree of crosslinking [7] . In order to achieve a high swelling capacity PAA is commonly neutralized with sodium, which increases the swelling pressure of the gel [8] . An increasing degree of sodium neutralization has also been reported to result in a small decrease in elastic modulus [9] .
It has previously been reported that the equilibrium degree of swelling for both PAA and sodium neutralized PAA decreases strongly in solvents containing divalent cations compared to in solvents containing monovalent cations [10, 11] . Horkay et al. [10] stated that the reduced swelling is not due to Ca 2+ ions acting as stable crosslinks between chains, but rather due to a change in the interactions between the solvent and the polymer chains. However, it has been shown that Ca 2+ can stabilize PAA hydrogels by preventing the dissolution of the gel by crosslinking the PAA. This increases the activation energy for relaxation of the polymers [12] . Infrared spectroscopy has distinguished several stable forms of Ca 2+ binding to the carboxyl groups and computer simulations have found two stable conformations of Ca 2+ binding to short chains of PAA, one where Ca 2+ is coordinated to one or two carboxylate groups and one where the Ca 2+ is coordinated through a water molecule [13] . For long PAA chains it has been reported that the presence of calcium ions causes the PAA chains to form coils, until a critical calcium concentration is reached, upon which precipitation of polymer complexes takes place [14] .
The interaction of calcium with acrylic acid containing polymers is of interest to study, both because of the need to understand how divalent ions affect ionic polymer networks, and because of commercially interesting applications including; calcium acrylate as grouting material in concrete [15] , waste water treatment using Ca(OH) 2 in combination with acrylic acid (AA) containing co-polymers [16] and dental cement containing PAA [17] .
Polymer networks synthesized by free radical polymerization are inherently inhomogeneous due to non ideal effects such as different and conversion dependent reactivities of the functional groups [7, 18, 19, 20] , resulting in fluctuations in the polymer network structure in space. Furthermore, the phase behaviour of the polymerization mixture may change as the reaction propagates, giving rise to phase separated domains or heterogeneities. The degree of heterogeneity is known to increase with the amount of crosslinker [21, 22] . It has been shown that the swelling of hydrogels is strongly dependent on the network structure [23, 24] and that the elastic modulus of hydrogels decreases with increasing inhomogeniety [21, 25] . The decrease in elastic modulus is explained by the formation of areas of high or low crosslink density during the polymerization. The highly crosslinked areas are described as agglomerated microspheres [25] or as clusters [21] . Oguz et al. [21] proposed that the decrease in the elastic modulus is due to the clusters containing a large number of crosslinking molecules as compared to the surrounding network. If the gel is deformed, the crosslinkers within the clusters will not contribute to the observed crosslink density. The clusters will act as single junction points while the surrounding less dense network is deformed, thus resulting in a decrease in elastic modulus.
Given the interactions of calcium ions with PAA that are described above, it seems likely that the presence of calcium during the synthesis of crosslinked PAA would alter the gel structure of the polymerization product. The aim of this paper was to elucidate the effect of calcium ions on PAA hydrogels by studying how the swelling and elastic properties of PAA hydrogels vary with the degree of calcium neutralization performed prior to the synthesis. Also, it was to be investigated if the changes in properties could be connected to changes in the gel structure. Experimental techniques used in this paper were classical mass uptake for studying the swelling of the gels, uniaxial compression for studying the elastic properties and atomic force microscopy (AFM), scanning electron microscopy (SEM) and EDX-analysis to perform structure characterization. The results are discussed taking heterogeneities and inhomogeneities of the gels into account.
Results and discussion

Synthesis
To study the effect of calcium neutralization on PAA gels samples with different Ca:AA ratios, ranging from 1:4 to pure PAA, were synthesized. The samples were observed during the synthesis reaction in order to determine if any visual differences could be seen between the samples with different Ca:AA ratios. It was found that at the stage during the synthesis reaction where a macroscopic gel started to form the samples with a Ca:AA ratio of 1:6 and 1:4, shifted from transparent to white, whereas the samples with lower calcium content remained transparent. When dried, the samples assumed a glassy appearance, with a tendency of an increasing degree of yellowness with increasing calcium content. However, upon rehydration the samples regained the appearance they had after the synthesis, white for the samples with Ca:AA ratios of 1:4 and 1:6 and transparent for the other samples.
Opacity is frequently considered to be the clearest sign of heterogeneity or inhomogeniety in samples [26] . Furthermore, it has previously been shown that phase separation is a phenomenon commonly occurring in crosslinking polymerization [18, 25, 26] and that increasing crosslinker content is an inducing factor [21, 22] . In the literature it has been suggested that the solubility for PAA gels in Ca 2+ containing solution is reduced [10] , and that precipitation of PAA occurs in presence of high Ca 2+ concentration [14] . It is therefore likely that the neutralization of AA with calcium during the synthesis may induce changed phase behaviour of the mixture and thus alter the structure of the gel product. In particular, the noticeable change in colour and opacity which was observed at Ca:AA ratios of 1:4 and 1:6, is consistent with the precipitation of calcium-acrylate containing regions.
Texture analysis
To study the dependence of the elastic modulus on the added amount of calcium, samples were subjected to uniaxial compression tests and the resulting force was recorded as a function of compression. The elastic modulus showed a clear dependence on the amount of added calcium, as shown in Figure 1 . The modulus decreased with increasing calcium content in the gels, showing an abrupt decrease when the Ca:AA ratio was increased from 1:8 to 1:6. The low elastic modulus for the samples with Ca:AA ratios of 1:6 and 1:4, as compared to those with less calcium, is in accordance with them being heterogeneous [21] .
If the calcium did act as an ordinary cross-linker an increase in the elastic modulus would have been expected. In fact, PAA with a Ca:AA ratio of 1:4 synthesized as described in the experimental section, but without the crosslinking agent N,N'-methylenebisacrylamide displays elastic properties similar to the covalently crosslinked samples with the same Ca:AA ratio. In contrast, PAA without added calcium behaves as a highly viscous and adhesive liquid when the crosslinking agent is omitted (result not shown). Thus, it is concluded that calcium can crosslink the gels, but it also induces changes in the network structure if present during synthesis. Formation of inhomogeneities in crosslinked gels have been shown to reduce the elastic modulus by forming dense regions (clusters) [21, 25] . Clusters with high crosslink density will serve as single junction points and the apparent crosslink density will be decreased [25] . Puig et al. [27] have under controlled forms created gel regions of higher crosslink density than the surrounding macroscopic gel, using polyacrylamide gels. They also reported a decrease in the elastic modulus as the prevalence of densely crosslinked regions was increased. We propose that neutralization with calcium prior to the synthesis causes the synthesis reaction to propagate in a way that favours the formation of densely crosslinked regions and that the crosslinking effect of the calcium can be attributed to the formation of phase separated regions in which the polymer chains are locked in place. 
Swelling experiments
In order to study how the swelling properties of the gels varied with the amount of added calcium, the gels were allowed to swell in water and the mass uptake was noted as a function of time. The relation between swelling properties of the hydrogels and the calcium content was found to be complicated. The swelling degree is increased for all times at which the mass uptake was measured for samples with Ca:AA ratios of 1:16-1:8 as compared to pure PAA, whilst for samples with CA:AA ratios of 1:6 and 1:4 the swelling degree is dramatically decreased as compared to pure PAA (Figure 2 ).
The equilibrium swelling degree, assumed to be reached at the last measurement time, t = 527 hours, increased with the amount of added calcium up to a Ca:AA ratio of 1:8, after which it abruptly decreased and showed a converse dependence on the amount of added calcium (Figure 2b ). Although it can be seen from Figure 2a that equilibrium is not yet achieved for the sample with a Ca:AA ratio of 1:8, the swelling degree at that time can be regarded as representative to the equilibrium value for the sake of reasoning. In Figure 2c it can be seen that the initial swelling rate for the samples with a Ca:AA ratio of 1:16 and 1:12, is higher as compared to the sample of pure PAA but then decreases with increasing calcium content. An interesting observation is the fact that the sample with a Ca:AA ratio of 1:8 actually exhibits an increase in the rate of swelling around 150 hours (Figure 2a) , tendencies for such a behaviour may also be seen for the sample with a Ca:AA ratio of 1:12 around 80 hours (Figure 2c ).
The swelling capacity of polyelectrolyte gel networks is commonly explained in terms of the osmotic pressure of the gel [28] :
where mix Π , el Π , and ion Π are the contributions to the swelling pressure from the mixing of the polymer chains with the solvent, the elongation of the polymer chains and the non-uniform distribution of counter ions between the gel and the solution, respectively.
To fully explain the complicated swelling dependence on the calcium concentration during synthesis one may take into account the potential crosslinking effect of the calcium ions, which would act by further enhancing the negative contribution to the swelling pressure from the term el Π in Eq. 1. Furthermore, one should also consider potential phase behaviour of the gels. Based on our observations we propose that at low degrees of swelling only a limited amount of calcium acrylate units are soluble in the gel system and contributes to the ionic term in Eq. 1, whilst the insoluble calcium actually crosslink the gel. As swelling continues more of the calcium acrylate becomes soluble and releases Ca 2+ ions into the polymer network, which increases the swelling pressure and decreases the crosslinking effect of the calcium. Thus, calcium neutralization with a small amount of calcium would mainly influence the ionic term in Eq. 1. For larger amounts of calcium, all of the calcium ions are not soluble initially. Some ions will crosslink the polymer network and actually decrease the swelling pressure. As swelling continues more of the calcium ions go into solution. This increases the swelling pressure, both by increasing the ionic term, and by decreasing the oppressing crosslinking term in Eq. 1. This explains the observed increase in swelling rate at 150 hours for the sample with Ca:AA ratio of 1:8. Ca are the molar synthesis concentrations of acrylic acid and calcium, respectively. The approximated charge density leads to values of 1 e /6.16 Å and 1 e /4.62 Å respectively. The Bjerrum length in water at room temperature is 7 Å. Since the approximated distance between charges is less than the Bjerrum length for the sample with Ca:AA ratio of 1:8, it seems likely that around that calcium concentration the effect of non ionizable calcium acrylate groups will begin to contribute to the crosslinking of the gel. Further addition of calcium ions should not increase the ionization degree of the polymer network [29] , thus they do not contribute to the term ion Π in Eq. 1. Instead the excess calcium ions will crosslink the calcium acrylates, causing the term el Π in Eq. 1 to increase, effectively reducing the swelling of the gels. This explains why the samples with Ca:AA ratios of 1:6 and 1:4 display a low degree of swelling. The non ionizable calcium ions crosslink the polymer network and prevent swelling, regardless of the absorbed amount of water.
Surface Characterisation
In order to evaluate the influence of calcium neutralization on the structural properties of the polymerization product on the micro and nano scale, the dried gels were characterised by SEM and AFM, respectively. The SEM images showed that the fractured surface of the pure PAA sample appeared homogenous on the micrometer scale, whereas the samples with calcium contained crystal like regions, ranging in size from approximately a few micrometers up to around two hundred micrometers. In the sample with a Ca:AA ratio of 1:8 those regions were integrated in the gel structure. However, the sample with Ca:AA ratio of The fractured surfaces surrounding the crystal like regions appeared to have surfaces with less topographical contrast, similar in appearance to the surface of the pure PAA sample. The patterns, consisting of lines, which are seen on the surface of the pure PAA sample (Figure 3a ) are most likely a result of the fracturing of the sample.
Depending on the amount of calcium, the structure of the crystal like regions differed between the samples, as seen at a higher magnification in Figure 4 . Many of these regions in the sample with a Ca:AA ratio of 1:4 displayed internal patterns and structures whereas the corresponding regions in the sample with a Ca:AA ratio of 1:8 have a more irregular appearance without any clear internal structure. The fractured surfaces and the crystal like regions of all three samples were characterized with EDX. The composition of the pure PAA sample appeared to be homogeneous throughout the microstructure, with traces of sulphur and potassium from the initiator, in addition to the carbon and oxygen.
It was found that the crystal like regions in the calcium containing samples contained large amounts of sulphur. However, no sulphur was detected in the surrounding areas. The concentration of calcium within the regions was also found to be somewhat higher than in the surrounding volumes. The results from the EDX analysis thus indicate that the sulphur from the initiator potassium persulfate forms regions with high calcium and sulphur contents upon drying, leading to the formation of areas where the polymer network is less dense. The presence of these regions should not affect the swelling or mechanical properties significantly if comparing between the calcium containing samples, this since even for the sample with the lowest Ca:AA ratio of 1:16, the calcium is in excess of the sulphur with more than a 5:1 ratio. However, the formation of the complexes could affect the mechanical properties of the calcium acrylate gels since the crystal like regions disrupts the polymer network. For applications where the mechanical properties or the exact structure of the b a network of the dried calcium acrylate are important it may be beneficial to use a different polymerization method or, if practically possible, to wash the product prior to drying.
AFM images of the surfaces acquired after fracturing the samples showed that the surface structure is clearly changed upon the addition of calcium. The sample with pure PAA displayed a surface of elevated spherical structures with a size of about 60 nm. The structures seemed somewhat agglomerated as seen from the phase image in Figure 5a . The samples with Ca:AA ratios up to and including 1:8 also displayed spherical structures. However, the structures were smaller and seemed less agglomerated. In these samples, regions with distinguishably larger and more agglomerated structures were occasionally found (Figure 5b) . For the sample with a Ca:AA ratio of 1:6, areas corresponding to different phases could be clearly identified, as seen in Figure 6a . In other areas of the sample, regions with a structure similar to that of the samples with less calcium were observed. This is as expected since the areas where phase separation occurred during synthesis should be spread throughout the sample. The possibility that the observed phase differences were an effect of the sulphur containing regions observed with SEM was ruled out, as those areas and their close surroundings were studied specifically without finding any phase differences. Finally the sample with a Ca:AA ratio of 1:4 displayed a surface structure different from all samples with less calcium. No spherical structures were observed, no clear phases were observed and the elevations of the surface displayed an irregular pattern ( Figure. 6b) . It may be concluded that the addition of calcium affects the surface properties of the gels in the dry state, and has thus also affected the molecular structure. It seems plausible that the spherical elevations are derived from microgelation during synthesis, which has been reported for other gel systems [7, 21] . In the literature it has been described that intramolecular crosslinking or cyclization during the initial stages of polymerization may result in compact particles or microgel formation [19] . The decrease in size and the less agglomerated nature of the microgels in the presence of calcium could be due to calcium affecting the formation of those microgels. It seems likely that calcium ions due to their divalent nature enhance nucleation of microgels as well as causing them to become more compact. As the calcium concentration increases, macroscopic phase separation is induced during the gelation. For the sample with a Ca:AA ratio of 1:6 it seems as if the kinetics of the phase separation and polymer network formation are such that different areas of the gel correspond to different coexisting phases with different composition (Figure. 7) , whilst for the sample with a Ca:AA ratio of 1:4 the gel seems to be one coherent phase, at least on the length scale of this study. Obviously, since the AFM only scans a small area at each measurement it cannot be ruled out that there are areas with different coexisting phases in the samples with less calcium. However, no such areas were detected. The observations and reasoning around the results of the AFM study are coherent with those from swelling experiments and texture analysis. It needs to be pointed out, that despite the fact that the dry sample with a Ca:AA ratio of 1:4 appears to be the most homogenous on the studied length scale in AFM, it still is highly heterogeneous when in the gelled state. The sample has undergone a seemingly total phase separation during the polymerization.
Conclusions
It has been shown that the neutralization of poly(acrylic acid) with calcium hydroxide prior to synthesis causes significant changes in the swelling and elastic properties of the gels, depending on the Ca:AA ratio of the gels. The changes in both swelling and elastic modulus can be explained by the formation of inhomogeneities and heterogeneities within the gels appeared on a scale of a few micrometer to nanometres, which were confirmed with SEM and AFM. The dramatic decrease in swelling and elastic modulus, as well as a total change of the polymer network structure for high calcium content, is coherent with the fact that the distance between charges becomes smaller than the Bjerrum length. This causes any additional calcium to crosslink the PAA polymers, leading to phase separated gels. Finally, it was shown that the potassium persulfate initiator causes formation of crystal like areas with high concentration of calcium and sulphur. To the authors' knowledge, the above results have not been previously reported and hopefully they can prove valuable in future applications where the interaction of PAA with divalent ions is of importance. Future applications could be synthesis in the presence of divalent ions to create network structures not otherwise achievable or to create ionically crosslinked gels. The divalent ions could then be removed through ion-exchange, leading to gels with different properties or to a swelling and erosion behaviour which is dependent on the surrounding ionic strength. Additionally, interactions of polyvalent molecules with charged hydrogel networks are highly relevant in understanding the release of drug molecules from such delivery systems, something that currently is subject to much research.
Experimental part
Materials
All of the following chemicals were of analytical grade and were used as received; Acrylic acid (Fluka, Belgium), calcium hydroxide (Riedel de Haen, Germany), potassium persulfate (Sigma-Aldrich, Germany), N,N,N',N',-tetramethylenediamine (Fluka, Switzerland), N,N'-methylenebisacrylamide (Sigma-Aldrich, Germany).
Synthesis
Hydrogels containing 25 w/v% PAA with a crosslink degree of 0.5 % were synthesized by free radical copolymerization as follows: 3.97 g Milli-Q water, 3.00 g acrylic acid, 1.60 g 2 w/v% N,N'-methylenebisacrylamide and 3.38 g 2 w/v% potassium persulfate were mixed on ice. The mixture was neutralized with calcium hydroxide to molar ratios Ca:AA = (0, 1:16, 1:12, 1:8, 1:6, 1:4). After neutralization the samples were stirred on ice for 30 minutes, followed by sonification in iced water for an additional 30 minutes. To each sample 50 μl N,N,N',N',-tetramethylenediamine was added under gentle stirring to initiate the polymerization reaction. The samples were then immediately transferred to vials with a diameter of 12 mm, which were placed in a water bath at 60 °C for 2 h. Finally the samples were allowed to settle for 24 h at room temperature before analysis.
Texture Analysis
The gels were cut into cylinders with a height of 15 mm. Uniaxial compression tests were performed in order to determine the elastic modulus of the different samples. The samples were compressed to about 50% of their initial length at a rate of 0.1 mm·s -1 and the resulting force was recorded using a "TA-HDi®, Stable Microsystems", England, with a load cell weight of 5 kg. The compression probe used was a 25 mm cylindrical aluminium probe, Stable Microsystems, England. Measurements were performed at 19.5 ± 0.5 °C. The theories for uniaxial compression of Gaussian chains state that [21, 30, 31] :
where P is the pressure, G is the elastic modulus and α is the ratio of deformed length to initial length. For deformation ratios up to approximately 20% the elastic modulus was determined as the slope of the graph P versus (α-α -2 ) similar to previous works [9, 10, 21, 31] . The non linear data for low strains was discarded as it is derived from imperfect geometries of the sample ends [21, 25] .
Swelling Experiments
Cylindrical samples with a height of 1 cm were dried for about 200 h at 40 °C. The swelling experiments were conducted in 650 ml Milli-Q water (18.2 MΩ) at room temperature. The weight of the samples at different times was acquired by placing them on a steel net and touching them briefly with "Kimcare* Medical Wipes, Kimberly-Clark ® " on the top and bottom to remove excess water before weight measurements. After acquiring the weights the samples were re-submerged. The swelling degree was calculated as:
where w is the recorded weight and 0 w is the weight of the dry sample.
Scanning Electron Microscopy (SEM)
Dried gel samples were characterised using a FEI Quanta 200 environmental scanning electron microscope (ESEM) equipped with a field emission gun and an Oxford Inca energy dispersive X-ray (EDX) system for chemical analysis. The samples were fractured prior to characterisation in order to expose their interior structure. The ESEM was operated at a pressure of 0.5 torr in the low vacuum mode in order to avoid charging effects during imaging. An acceleration voltage of 10 kV was used for both imaging and EDX-analysis.
Atomic Force Microscopy (AFM)
Dried gel samples were characterised using a Digital Instrument Nanoscope IIIa with a type G scanner (Digital Instrument Inc. Santa Barbara, CA, USA). The cantilever used was a Micro Masch silicon cantilever NSC 15. The samples were fractured prior to characterisation in order to expose their interior structure. The AFM was operated at a resonance frequency of about 330 kHz in tapping mode, the scan rate was 1 Hz and the measurements were performed in air.
